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Abstract

Chlorine is a pulmonary toxicant to which humans can be exposed through accidents or intentional 

releases. Acute effects of chlorine inhalation in humans and animal models have been well 

characterized, but less is known about persistent effects of acute, high-level chlorine exposures. In 

particular, animal models that reproduce the long-term effects suggested to occur in humans are 

lacking. Here, we report the development of a rabbit model in which both acute and persistent 

effects of chlorine inhalation can be assessed. Male New Zealand White rabbits were exposed to 

chlorine while the lungs were mechanically ventilated. After chlorine exposure, the rabbits were 

extubated and were allowed to survive for up to 24 h after exposure to 800 ppm chlorine for 4 min 

to study acute effects or up to 7 days after exposure to 400 ppm for 8 min to study longer term 

effects. Acute effects observed 6 or 24 h after inhalation of 800 ppm chlorine for 4 min included 

hypoxemia, pulmonary edema, airway epithelial injury, inflammation, altered baseline lung 

mechanics, and airway hyperreactivity to inhaled methacholine. Seven days after recovery from 

inhalation of 400 ppm chlorine for 8 min, rabbits exhibited mild hypoxemia, increased area of 

pressure-volume loops, and airway hyperreactivity. Lung histology 7 days after chlorine exposure 

revealed abnormalities in the small airways, including inflammation and sporadic bronchiolitis 

obliterans lesions. Immunostaining showed a paucity of club and ciliated cells in the epithelium at 

these sites. These results suggest that small airway disease may be an important component of 

persistent respiratory abnormalities that occur following acute chlorine exposure. This non-rodent 

chlorine exposure model should prove useful for studying persistent effects of acute chlorine 

exposure and for assessing efficacy of countermeasures for chlorine-induced lung injury.
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Introduction

Chlorine is a respiratory irritant used in a variety of industrial applications (Das and Blanc, 

1993; Evans, 2005). Chlorine has also been used as a chemical weapon and is considered a 

chemical threat agent (Jones et al., 2010). Exposure to chlorine can occur through household 

accidents, occupational exposures, and accidental train derailments during chlorine 

transportation (Evans, 2005; Van Sickle et al., 2009; White and Martin, 2010). When 

inhaled, chlorine produces adverse acute health effects such as hypoxemia, airway 

obstruction, and pulmonary edema (Das and Blanc, 1993; Van Sickle et al., 2009; White and 

Martin, 2010) and long-term effects including respiratory symptoms and altered lung 

function (Schwartz et al., 1990; Malo et al., 2009; Clark et al., 2016). In a subset of 

individuals accidentally exposed to high levels of chlorine, such exposures have been 

associated with a condition termed acute irritant-induced asthma or reactive airways 

dysfunction syndrome (RADS), which is characterized by airway obstruction and 

hyperreactivity (Donnelly and FitzGerald, 1990; Malo et al., 2009; Chierakul et al., 2013). 

Acute high-level chlorine inhalation can lead to chronic airway disease with a host of 

pathological changes in the airway, such as increased thickness of the basement membrane 

and increased airway sub-epithelial fibrosis (Gautrin et al., 1994; Takeda et al., 2009).

Chlorine’s status as a chemical threat agent has necessitated the need for countermeasures 

that can be employed in the wake of an accidental or intentional release of this irritant gas. 

The goal of the present study was to create an animal model of chlorine inhalation that can 

be used to study the natural history of chlorine-induced lung disease and to test therapeutic 

strategies. Most previous studies investigating the effects of chlorine inhalation on the lung 

have used rodent models (Tian et al., 2008; Tuck et al., 2008; Fanucchi et al., 2012; Musah 

et al., 2012; Mo et al., 2013; O'Koren et al., 2013). Acute effects of chlorine exposure in 

small-animal models are pulmonary edema, airway obstruction, airway hyperreactivity, and 

hypoxemia (Leustik et al., 2008; Tian et al., 2008; Tuck et al., 2008); subacute and chronic 

effects include airway and interstitial fibrosis, increased mucus production, increased lung 

resistance, and airway hyperreactivity (Demnati et al., 1998; Yildirim et al., 2004; Fanucchi 

et al., 2012; Musah et al., 2012; Mo et al., 2013; O'Koren et al., 2013). Studies utilizing 

rodent models have revealed that chlorine inhalation results in epithelial cell loss and that re-

epithelialization following injury to large airways is carried out by basal airway epithelial 

cells (Tuck et al., 2008; Fanucchi et al., 2012; Musah et al., 2012; Mo et al., 2013; O'Koren 

et al., 2013). In rodents, pseudostratified airway epithelium containing basal cells is 

restricted to only the largest airways (Rock and Hogan, 2011; Mo et al., 2013), whereas in 

humans this type of epithelium is present more distally down to fairly small airways (Boers 

et al., 1998). Hence larger animal models with more extensive distribution of basal cells may 

represent important adjuncts for studying persistent effects of chlorine inhalation. Some 

large animal models to study the effects of chlorine inhalation have been developed 

(Winternitz et al., 1920; Gunnarsson et al., 1998; Batchinsky et al., 2006). Whole-body 
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exposure to chlorine has been performed in dogs (Winternitz et al., 1920), but more recently 

developed models have used lung-only exposure based on logistical and safety 

considerations (Gunnarsson et al., 1998; Batchinsky et al., 2006). In these models, 

anesthetized, mechanically ventilated pigs or sheep have been exposed to chlorine and then 

managed on a ventilator for the duration of the post-exposure period. Reported effects of 

chlorine exposure in these large animal models include epithelial injury, hypoxemia, 

pneumonitis, pulmonary edema, and pulmonary hypertension (Gunnarsson et al., 1998; 

Batchinsky et al., 2006). Advantages of such large-animal models are the capacity to 

perform longitudinal measurements of blood gas analysis and pulmonary function as well as 

the ability to mimic critical care procedures similar to those instituted in human patients 

following severe injury from chlorine gas inhalation. However, these published large-animal 

models of chlorine exposure have limitations, including the inability to characterize the 

natural history of chlorine-induced lung injury in conscious, spontaneously breathing 

animals and to examine longer-term sequelae following acute chlorine exposure. Here we 

report the development of a novel chlorine inhalation model in which rabbits are 

mechanically ventilated for chlorine exposure, but are then extubated and remain 

unanesthetized and breathe spontaneously during the post-exposure period. We demonstrate 

that this model allows investigation of both acute and longer term effects of chlorine 

exposure on the lungs and should be useful for testing potential treatments for chlorine-

induced lung injury.

Materials and Methods

Chlorine exposure

All experiments were performed in accordance with the Institute of Laboratory Animal 

Resources Guide for the Care and Use of Laboratory Animals (Institute of Laboratory 

Animal Resources, 1996) and were approved by the University of Louisville Institutional 

Animal Care and Use Committee. Male New Zealand White rabbits (2–3 kg) were 

purchased from Harlan Laboratories, Inc. (Indianapolis, IN) or Robinson Services Inc. 

(Mocksville, NC). Arterial and iv catheters were placed in ear vessels for collection of blood 

and administration of drugs. Rabbits were mechanically ventilated and exposed to either 

chlorine in air or air only via an endotracheal tube. Rabbits were initially anesthetized with 

propofol (15 mg/kg iv) and intubated with an endotracheal tube. After intubation, propofol 

was administered by iv constant rate infusion at a rate of 2 mg/kg/h. Rabbits were 

mechanically ventilated with a tidal volume of 8 ml/kg at 30 breaths/min and positive end-

expiratory pressure of 3 cm water. Additional boluses of 3–4 mg/kg propofol were 

administered until the toe-pinch reflex was absent. Animals were then exposed to either 800 

ppm chlorine in air for 4 min, or 400 ppm chlorine in air for 8 min, or to air for either 4 or 8 

min. After chlorine or air exposure, propofol administration was discontinued, and the 

rabbits were given 0.05 mg/kg buprenorphine iv (Reckitt Benckiser Pharmaceuticals, 

Richmond, VA). When the rabbits regained spontaneous breathing effort (approximately 10 

min after the end of exposure), they were removed from the ventilator and extubated, and a 

transdermal fentanyl patch (25 µg/h for 72 h) was applied to the shaved dorsum. Rabbits 

were monitored continuously for 24 h after exposure, and blood oxygen saturation (SpO2) 

was assessed every 10–30 min by pulse oximetry. After 24 h, rabbits were monitored at least 
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daily with measurement of SpO2 and weight. Rabbits were given supplemental oxygen if 

SpO2 dropped below 90%. Rabbits were euthanized if any of the following humane endpoint 

criteria were met: SpO2 <80% for >15 min when breathing 100% oxygen, agitation 

associated with dyspnea, or weight loss of >15% compared with pre-exposure. Fluids were 

administered iv and sc for the first 24 h after exposure using the formula 70 ml + (body 

weight in kg × 30 ml). Blood gas measurements were performed 5.5 h, 24 h, and 7 days after 

exposure using IDEXX VetStat electrolyte and blood gas analyzer (Westbrook, ME). 

Alveolar-arterial gradient was calculated using the formula [150-(PaCO2/0.8)] – PaO2.

Pulmonary edema

Pulmonary edema was assessed by measuring extravascular lung water in the left lung 6 h 

after exposure to 800 ppm chlorine or air for 4 min. Extravascular lung water was measured 

as described previously (Su et al., 2007), except that the density of rabbit blood (1.044 g/ml) 

(Kenner et al., 1977) was substituted for that of the mouse.

Pulmonary mechanics

Pulmonary mechanics at baseline and in response to inhaled methacholine were measured 

24 h or 7 days following chlorine or air exposure. Measurements were performed by forced 

oscillation technique using a flexiVent system (SCIREQ, Montreal, Quebec, Canada). 

Rabbits were anesthetized with 4 mg/kg midazolam (West-Ward, Eatontown, NJ) and 10 

mg/kg sodium pentobarbital (Sigma-Aldrich, St. Louis, MO) iv and placed on a heating pad. 

A tracheal cannula connected to a pressure transducer was inserted into the trachea, and the 

lungs were mechanically ventilated with air at a tidal volume of 10 ml/kg and a frequency of 

30 breaths/min. A pressure transducer was connected to a catheter inserted into the auricular 

or femoral artery to monitor blood pressure during mechanical ventilation. To prevent 

endogenous breathing effort, rabbits were given cisatracurium besylate (0.12 mg/kg) every 

20 min until the completion of airway reactivity measurements. During the experiment, 

rabbits were given additional sodium pentobarbital to maintain blood pressure at or below 

the baseline level established before administering the neuromuscular blocking agent. 

Baseline pulmonary mechanics measurements were collected using 1) a single perturbation 

at 0.5 Hz to derive resistance and compliance based on the single compartment model, 2) a 

broadband perturbation from 1 to 20.5 Hz to derive frequency-dependent impedance and 

parameters based on the constant phase model, and 3) quasi-static pressure-volume curves. 

Following baseline assessment, measurements were then repeated following administration 

of increasing doses of aerosolized methacholine generated from solutions of 1.6, 3.1, 6.3, 

and 12.5 mg/ml.

Histology and immunofluorescence

Rabbits were euthanized by injection of 4 mg/kg midazolam and 10 mg/kg sodium 

pentobarbital iv followed by exsanguination. Lungs were inflated with 10% neutral buffered 

formalin, fixed overnight, processed, paraffin embedded, and sectioned onto slides at a 

thickness of 5 µm. For histological examination of lungs, hematoxylin and eosin staining 

was done in addition to staining with Sirius red to visualize collagen. Immunofluorescence 

was performed using antibodies against airway epithelial cell markers as described (Musah 

et al., 2012). For the club cell marker club cell secretory protein (CCSP), antibody was 
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generously provided by Dr. Gurmukh Singh (VA Medical Center, Pittsburgh, PA) and used 

at a dilution of 1: 1000. For the ciliated cell marker acetylated tubulin (AcTub), antibody 

was purchased from Sigma-Aldrich (St Louis, MO, catalog # T7451) and used at a dilution 

of 1: 20,000. For the basal cell marker nerve growth factor receptor (NGFR) (Rock et al., 

2009), antibody was purchased from Abcam (Cambridge, MA, catalog #ab8877) and used at 

a dilution of 1:125.

Data analysis

Data was analyzed with GraphPad Prism version 6.0f (GraphPad; La Jolla, CA) and 

presented as group means ± standard error of the mean (SEM). For most parameters, group 

means between chorine-exposed and air-exposed rabbits were analyzed by unpaired two-

tailed t-test with Welch’s correction. Effects of chlorine exposure on methacholine dose-

response curves were analyzed by two-way repeated-measures analysis of variance.

Results

Humans may inhale unhealthy levels of chlorine under a variety of exposure scenarios. 

Some of these, particularly in large-scale accidents, involve high-intensity, short-term 

exposures (Jani et al., 2016). Adverse health outcomes from high-level chlorine exposure 

include both acute lung injury (Van Sickle et al., 2009) and chronic airway disease (Malo et 

al., 2009; Clark et al., 2013). We therefore wanted to devise exposure protocols that could be 

used to study both these aspects of chlorine toxicity. We performed dose ranging studies in 

rabbits using exposure to 400 and 800 ppm chlorine based on our previous experience that 

short-term exposure of mice to these concentrations resulted in significant pulmonary injury 

(Hoyle et al., 2010). We sought to develop a non-lethal model in which measurements could 

be made consistently at defined times after exposure. Preliminary studies indicated that 

exposure to 800 ppm chlorine for 6 or 8 min resulted in severe lung injury that necessitated 

euthanasia of some animals prior to 24 h based on predefined humane endpoint criteria. 

Exposure to 800 ppm for 4 min resulted in moderate lung injury that allowed consistent 

survival to 24 h, and this exposure protocol was chosen to evaluate acute chlorine injury. 

However this protocol was inconsistent with longer term survival (described below), and a 

separate exposure protocol using 400 ppm for 8 min was used to evaluate recovery, repair, 

and longer term injury (Fig. 1).

Rabbits were exposed to 800 ppm chlorine for 4 min and were evaluated for pulmonary 

toxicity at 6 and 24 h after exposure. These time points were based on the kinetics of 

chlorine-induced acute lung injury in humans (Van Sickle et al., 2009; White and Martin, 

2010) and in animal models (Gunnarsson et al., 1998; Batchinsky et al., 2006; Leustik et al., 

2008), in particular our previous studies in mice (Tian et al., 2008; Chang et al., 2012). 

Exposure of rabbits to 800 ppm chlorine for 4 min produced hypoxemia as evidenced by a 

decreased ratio of partial pressure of arterial oxygen to fraction of inspired oxygen 

(PaO2/FiO2; p<0.05) (Fig. 2A) and increased alveolar-arterial gradient (Fig. 2B) compared 

with air-exposed animals (p<0.05). Measurement of extravascular lung water to assess 

pulmonary edema 6 h after chlorine or air exposure showed significantly increased 

extravascular lung water in chlorine-exposed rabbits compared with their air-exposed 
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counterparts (p<0.05) (Fig. 3). Histological analysis of lungs collected 6 h after exposure 

revealed that inhalation of 800 ppm chlorine for 4 min produced injury throughout the 

pulmonary airway tree (Fig. 4). Large cartilaginous airways in air-exposed rabbits contained 

normal pseudostratified epithelium (Fig. 4A). Six h after chlorine exposure, damaged 

epithelial cells had sloughed from larger airways, but thinly spread basal cells could be 

observed still attached to the basement membrane (Fig. 4B). Air-exposed rabbits showed 

normal structure of alveoli and small airways, including terminal bronchioles (Fig. 4C). 

Chlorine-exposed rabbits had damaged bronchioles characterized by injured and sloughed 

epithelial cells, hemorrhage, and inflammation (Fig. 4D). Alveolar injury that included 

proteinaceous material and fibrin deposition within air spaces was also observed. Alveolar 

injury was patchy and tended to cluster around injured bronchioles. Patchy air space 

enlargement was also observed adjacent to injured bronchioles.

Assessment 24 h after exposure to air or 800 ppm chlorine revealed a significantly decreased 

PaO2/FiO2 in chlorine-exposed rabbits compared with air-exposed rabbits (p<0.05) (Fig 

5A), as well as significantly increased alveolar-arterial gradient (p<0.05) (Fig 5B). 

Pulmonary mechanics measured at baseline in rabbits 24 h after air or chlorine exposure 

revealed altered lung function in chlorine-exposed rabbits, including increased resistance 

(p<0.05) (Fig 6A), decreased compliance (p<0.01) (Fig 6B), and increased Newtonian 

resistance (p<0.01) (Fig 6C), which is related to resistance in the central or conducting 

airways. Respiratory resistance (i.e. the real part of respiratory system impedance) was 

elevated at high frequencies in chlorine-exposed rabbits compared with air-exposed 

(p<0.05), indicative of central airway obstruction (Fig 6D). Chlorine-exposed rabbits also 

exhibited exaggerated frequency-dependent changes in resistance (assessed as R1.0-R20.5) 

(p<0.05) indicative of effects in the distal lung (Fig.6D and 6E). Chlorine-exposed rabbits 

also exhibited airway hyperreactivity in response to methacholine challenge (p<0.05) (Fig 

7). Histological analysis showed that 24 h after air exposure, lungs continued to show 

normal airway structure (Fig.8A and 8C). In larger airways of chlorine-exposed animals, 

sloughed epithelium could still be observed; epithelial sheets tended to remain loosely 

attached to denuded basement membrane, but not to areas containing repairing epithelial 

cells (Fig. 8B). Repairing epithelium tended to be thicker at 24 h than at 6 h, suggesting 

some proliferative repair had taken place. In lung parenchyma, similar features to those at 6 

h were observed, including sloughed epithelium in bronchioles, inflammation, alveolar 

flooding adjacent to injured bronchioles, and enlarged airspaces near injured airways (Fig. 

8D).

We sought to assess repair of lung injury and to examine longer term consequences of acute 

chlorine inhalation by allowing chlorine-exposed rabbits to survive for 7 days after 

exposure. Two rabbits were allowed to survive beyond 24 h after inhalation of 800 ppm 

chlorine for 4 min. Both these animals developed severe and worsening hypoxia and were 

euthanized 27 h and 3 days after exposure. These results precluded the use of this exposure 

regimen to examine longer term effects of chlorine exposure. To develop a model in which 

recovery from injury could be followed and lung repair could be investigated, rabbits were 

exposed to 400 ppm chlorine for 8 min. Although this provides the same nominal dose as 

800 ppm for 4 min (53 ppm-h), our previous results in mice indicated that chlorine 

inhalation does not obey Haber’s law such that the lower concentration exposure will 
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produce a lesser toxic effect (Hoyle et al., 2010). Exposure of rabbits to 400 ppm chlorine 

for 8 min produced modest hypoxemia when assessed 24 h after exposure (p<0.05 for 

PaO2/FiO2 ratio) (Fig.9A and 9B), and impaired oxygenation was still apparent 7 days after 

exposure (p<0.05 for PaO2/FiO2 ratio and A-a gradient) (Fig.9C and 9D). Most baseline 

lung mechanics parameters, including respiratory system resistance, compliance, and 

Newtonian resistance, were not significantly different between chlorine- and air-exposed 

animals 7 days after exposure (not shown). Chlorine-exposed rabbits had abnormal pressure-

volume loops with increased area [i.e. increased hysteresis (p<0.05) (Fig. 10A)]. Chlorine-

exposed rabbits also exhibited airway hyperreactivity to inhaled methacholine 7 days after 

exposure (p<0.01) (Fig 10B). Seven days after air exposure, lungs had histologically normal 

structure (Fig. 11A and 11C). Exposure of rabbits to 400 ppm chlorine for 8 min resulted in 

injury and sloughing of epithelial cells throughout the airway tree from bronchi to terminal 

bronchioles observed 24 h after exposure, but alveolar injury was less pronounced than for 

exposure to 800 ppm for 4 min (not shown). Large airways from chlorine-exposed rabbits 

were repopulated with a pseudostratified epithelium (Fig. 11B); focal areas contained 

granulocytes within the epithelium and increased numbers of goblet cells. Within the lung 

parenchyma, some areas of hyperplasia with abnormal alveolar structure were observed (Fig. 

11D). Many small bronchioles showed a robust influx of inflammatory cells; in sporadic 

bronchioles the airway lumen was nearly occluded by bronchiolitis obliterans lesions (Fig. 

11E and 11F). These lesions were composed of an abnormal epithelial layer, a collagen-

containing fibrotic layer, and inflammatory cells and debris filling the central lumen of the 

airway.

Immunostaining for epithelial cell markers was done to investigate repair of injured airway 

epithelium after chlorine inhalation (Fig. 12). Staining for club cell secretory protein (CCSP; 

club cell marker) and acetylated tubulin (AcTub; ciliated cell marker) revealed abundant 

club and ciliated cells in large airways, with ciliated cells predominating (Fig. 12A). Large 

airways also contained basal cells as part of the pseudostratified epithelium, and these cells 

were identified by staining for the low-affinity nerve growth factor receptor (NGFR; Fig. 

12B). Small airways were lined with a simple epithelium containing club and ciliated cells, 

with club cells predominating (Fig. 12C), but lacking basal cells (not shown). Six h after 

exposure to 800 ppm chlorine for 4 min, injured epithelial cells had sloughed from large 

airways, and CCSP and AcTub staining was observed in sloughed epithelium within the 

airway lumen (Fig. 12D). Numerous surviving basal cells could be observed still attached to 

the inner surface of the airway (Fig. 12E). In areas where basal cells were sparse, the cells 

were thin and appeared to be spreading to cover the injured airway. In small airways 6 h 

after exposure to 800 ppm chlorine for 4 min, the sloughed epithelium containing abundant 

CCSP staining could be seen filling the airway lumen (Fig. 12F). Occasionally CCSP 

staining could also be observed in a few surviving club cells that remained attached to the 

airway; however, these were absent from many profiles of small airways. AcTub staining 

was sparse or absent from small airways at this time after chlorine exposure. Epithelial 

staining 24 h after exposure to 800 ppm chlorine for 4 min was generally similar to that 

observed at 6 h. Residual CCSP and AcTub could still be detected in epithelium that had 

sloughed from large airways (Fig. 12G). Basal cells generally appeared to be spread thinner 

than at 6 h (Fig. 12H). Sloughed epithelium in small airways still showed CCSP staining, but 
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these cells no longer stained for DAPI, indicating that they were in the process of degrading 

(Fig. 12I). Effects on airway epithelium in rabbits exposed to 400 ppm chlorine for 8 min 

were assessed 24 h and 7 days after exposure. At 24 h, immunostaining for airway epithelial 

cell markers was similar to that in rabbits exposed to 800 ppm for 4 min (not shown). After 7 

days of recovery following exposure to 400 ppm chlorine for 8 min, large airways again 

contained an intact pseudostratified epithelium lined with club and ciliated cells (Fig. 12J). 

However, the distribution of these cells appeared different from that in air-exposed animals 

in that there appeared to be more ciliated and fewer club cells in the regenerated epithelium. 

Basal cells appeared to have returned to their normal distribution and shape at this time (Fig. 

12K). In bronchioles with obliterative lesions, airway epithelial cells lacked staining for 

CCSP, AcTub (Fig. 12L), or NGFR (not shown), indicating the presence of an abnormal, 

undifferentiated epithelium within these lesions.

Discussion

We have developed a model that allows the study of acute and long-term effects of chlorine 

inhalation in rabbits. We showed that chlorine inhalation results in acute epithelial injury to 

the pulmonary tree, pulmonary edema, and hypoxemia, as well as more persistent effects, 

including airway hyperreactivity, aberrant repair in the large airways, and inflammation and 

bronchiolitis obliterans in the small airways. The rabbit model described here overcomes 

some limitations of previously developed non-rodent models. Studies utilizing rabbit models 

to investigate chlorine inhalation have either used one rabbit per time point per dose with the 

evaluation of only limited endpoints (Barrow and Smith, 1975), or used isolated rabbit 

lungs, which cannot be used to study the long-term effects of chlorine (Menaouar et al., 

1997). In most other non-rodent models of chlorine inhalation, only acute effects could be 

evaluated, as animals were not removed from mechanical ventilation following chlorine 

exposure (Gunnarsson et al., 1998; Batchinsky et al., 2006). One study in dogs utilized 

whole-body exposure to chlorine so that long-term effects of acute chlorine inhalation could 

be examined. Assessment of histology was the main endpoint, and airway inflammatory and 

fibrotic lesions including bronchiolitis obliterans were the main abnormalities detected 

(Winternitz et al., 1920). Our results agree with this previous study in that we have detected 

bronchiolitis obliterans as a type of lung pathology that develops after recovery from 

chlorine-induced acute lung injury, but we have also expanded upon the endpoints measured 

to include physiological analyses.

Exposure to chlorine in this study was performed in mechanically ventilated animals, which 

has advantages as well as disadvantages. The main disadvantage of this procedure is that it 

does not represent the manner in which humans are expected to be exposed to chlorine, 

which would be through spontaneous breathing. However, because of the different structures 

of the respiratory tract and physiology of breathing, exposing rabbits via the ventilated 

method may better replicate some aspects of injury in humans. Rabbits are obligate nose 

breathers with a relatively large olfactory surface area compared to humans. Injury to the 

nasal passages from irritant gas exposure in obligate nose breathing animals can result in 

forced oral breathing. As forced oral breathing can by itself produce respiratory distress, 

hypoxemia, lung injury, and even death (Ramadan, 1983; Kalogjera et al., 1991), it can 

represent a confounding effect that would not be observed in humans. In addition, the large 
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surface area of nasal epithelium in obligate nose breathing animals produces effective 

scrubbing of inhaled reactive chemicals, thereby lowering the effective dose to which the 

lung is exposed. Bypassing the nasal passages by intubation may result in a distribution of 

lung injury more representative of that in humans. This has been shown previously with 

other reactive chemical threat agents, such as sulfur mustard (Veress et al., 2015a) and nerve 

agents (Nambiar et al., 2006; Che et al., 2009). An additional advantage of this approach is 

the ability to deliver a defined dose of chlorine to the lungs through mechanical ventilation. 

Stimulation of sensory nerves by irritant gases triggers protective changes in ventilation 

patterns that are highly variable even within inbred mouse strains (our unpublished 

observations); bypassing these by mechanical ventilation has the potential to generate a 

more reproducible injury model.

Acute lung injury due to chlorine inhalation is characterized by key aspects such as 

epithelial cell death, inflammation, pulmonary edema, hypoxemia, and pulmonary function 

abnormalities in animal models as well in human clinical studies (Gunnarsson et al., 1998; 

Martin et al., 2003; Batchinsky et al., 2006; Leustik et al., 2008; Tian et al., 2008; Van Sickle 

et al., 2009; Mohan et al., 2010; Chang et al., 2012; Jonasson et al., 2013). In our chlorine-

exposed rabbit model, we observed damaged epithelial cells in the large airways, damaged 

bronchioles, alveolar injury, and inflammation. Epithelial damage and inflammation have 

been reported in studies of chlorine exposure in several animal models, including mice (Tian 

et al., 2008; Tuck et al., 2008; Jonasson et al., 2013; Mo et al., 2013; O'Koren et al., 2013), 

rats (Leustik et al., 2008), and pigs (Gunnarsson et al., 1998). We also observed pulmonary 

edema 6 and 24 h after chlorine exposure. This agrees with previous studies of chlorine 

exposure in isolated rabbit lungs (Menaouar et al., 1997), in mechanically ventilated pigs 

(Gunnarsson et al., 1998), and in spontaneously breathing mice (Tian et al., 2008; Chang et 

al., 2012; Jonasson et al., 2013). In human clinical cases, increased pulmonary edema was 

also reported in patients accidentally exposed to chlorine gas. The time course of the 

development of pulmonary edema within 6–8 h after exposure is consistent with what is 

observed in animal models (Mohan et al., 2010). Hypoxemia is an important clinical sign 

indicative of chlorine-induced acute lung injury (White and Martin, 2010). Exposure of 

rabbits to 800 ppm chlorine for 4 min resulted in a PO2/FiO2 ratio in the range of 200–300, 

which clinically would be considered mild acute respiratory distress syndrome (ARDS) 

(ARDS Definition Task Force, 2012). Following the Graniteville, SC chlorine disaster, 22% 

of hospitalized patients who had blood gas analysis fell into this category, with 26% >300 

(non-ARDS) and 53% <200 (moderate/severe ARDS) (Van Sickle et al., 2009). Thus the 

acute affects from exposure to this chlorine dose in rabbits were representative of a 

significant fraction of human chlorine exposure victims in this exposure incident. The model 

could be modified to produce more severe injury by increasing the chlorine dose, but this 

would likely require continued mechanical ventilation after exposure to support animals with 

respiratory failure, as has been reported previously using pig and sheep models (Gunnarsson 

et al., 1998; Batchinsky et al., 2006).

Chlorine exposure produced acute alterations in pulmonary mechanics that correlated with 

lung pathology observed histologically. Acute effects of chlorine inhalation on pulmonary 

mechanics measured 24 h after exposure included increased resistance, decreased 

compliance, and airway hyperreactivity to inhaled methacholine. Both Newtonian resistance 
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(indicative of central airway resistance) and total resistance were increased in chlorine-

exposed compared with air-exposed mice. Analysis of resistance measured using a 

broadband forced oscillation perturbation as a function of frequency showed increased 

resistance at high frequencies, again consistent with acute effects of chlorine in the central 

airways (Bates et al., 2011). Chlorine-exposed rabbits also exhibited exaggerated increases 

in resistance at lower frequencies, which has been termed frequency-dependent resistance 

and is indicative of changes in the peripheral lung (Smith et al., 2005). Analysis of data in 

this manner is useful in that it could be compared to impulse oscillometry measurements that 

can be collected noninvasively in humans. Overall, these observations supported the general 

conclusion that acute chlorine injury impaired function of both large airways and distal lung 

and were consistent with the histological findings of damage to large airways, small airways, 

and alveoli within 24 h of exposure. Pulmonary function changes, including increased 

resistance and decreased compliance, have been consistently observed in rodents in the acute 

period after chlorine exposure (Demnati et al., 1998; Martin et al., 2003; Hoyle et al., 2010; 

Song et al., 2011; Fanucchi et al., 2012; Jonasson et al., 2013), and decreased compliance 

was observed in chlorine-exposed pigs (Gunnarsson et al., 1998). In studies of humans 

accidentally exposed to high levels of chlorine, both obstructive and restrictive abnormalities 

have been identified shortly after exposure (Kaufman and Burkons, 1971; Ploysongsang et 

al., 1982; Das and Blanc, 1993; Balte et al., 2013). Obstructive changes in the acute period 

after chlorine exposure have been attributed to airway injury and bronchospasm, whereas 

restrictive deficits have been attributed to pulmonary edema (Ploysongsang et al., 1982). 

These overall conclusions from human studies are consistent with our observations of both 

central airways and distal lung contributing to abnormal pulmonary physiology acutely after 

chlorine exposure.

We previously reported that in mice epithelial repair in the large airways is carried out by 

basal cells after chlorine inhalation (Musah et al., 2012; Mo et al., 2013). In our current 

study, large airways were repopulated with a pseudostratified epithelium lined with club and 

ciliated cells 7 days after chlorine inhalation. Repopulation of the pseudostratified 

epithelium was apparently carried out by basal cells, as numerous surviving basal cells were 

observed still attached to the inner surface of the airway when most other cells had been 

sloughed off into the airway lumen following chlorine inhalation. Although the 

pseudostratified epithelium in the large airways seemed intact after recovery for 7 days, 

there were areas containing an abnormally high proportion of ciliated cells compared with 

club cells in the regenerated epithelium. We have also observed abnormal distributions of 

airway epithelial cells in our previous study in mice after chlorine inhalation (Mo et al., 

2013), which suggests that this phenomenon may be a common manifestation of airway 

injury after irritant gas exposure. In the smaller airways, we observed an ongoing process of 

inflammation and injury 7 days after chlorine exposure. Bronchiolitis obliterans developed 

in some airways, and this was associated with a lack of differentiated epithelial cell markers 

indicative of aberrant repair. These findings were consistent with observations in dogs that 

chlorine inhalation led to progressive bronchiolitis obliterans, which led to the death of the 

animals between 15 and 193 days after exposure (Winternitz et al., 1920). Sulfur mustard, 

another pulmonary toxicant that produces airway injury, also produces long-term effects of 

bronchiolitis obliterans in humans (Beheshti et al., 2006; Ghanei et al., 2008; Saber et al., 
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2012) and rats (Veress et al., 2015b). It is unclear why the persistent abnormalities in rabbits 

were limited to small airways, as the entire airway tree was injured by chlorine. The 

inflammatory and bronchiolitis obliterans lesions were restricted to areas of the lung that 

normally lack pseudostratified epithelium and basal cells. In chlorine-exposed mice, injured 

pseudostratified epithelium is repaired by surviving basal cells, and our histology and 

immunostaining results are consistent with a similar mechanism operating in injured rabbit 

lung. Thus we postulate that repair processes in distal airways without basal cells are less 

efficient at restoring normal airway structure and that an abnormal epithelium triggers the 

downstream events, including inflammation, that lead to persistent lung pathology at these 

sites.

At 7 days after chlorine exposure, most pulmonary mechanics parameters, including 

resistance and compliance, were not different between chlorine- and air-exposed rabbits. 

This result was consistent with the resolution of central airway injury and pulmonary edema. 

Although small airway pathology was noted at this time, apparently the sporadic nature of 

the bronchiolitis obliterans lesions did not produce an increase in total lung resistance. 

However, increased hysteresis of lung pressure-volume curves was observed; this 

phenomenon can be associated with small airway disease when occluded airways open 

during the lung inflation maneuver (Sorkness and Tuffaha, 2004). In rabbits examined 7 

days after exposure in the present study, chlorine exposure resulted in airway 

hyperreactivity, which appears to be a common consequence of irritant gas exposure. In 

mice and rats examined a week or more after exposure, chlorine inhalation has been shown 

to cause airway hyperreactivity associated with histological changes including airway 

remodeling and fibrosis (Demnati et al., 1998; Tuck et al., 2008; Fanucchi et al., 2012; Mo et 

al., 2013). In humans, exposure to pulmonary irritants can produce acute irritant-induced 

asthma, also known as reactive airway dysfunction syndrome (RADS) (Brooks et al., 1985; 

Malo et al., 2009). Methacholine hyperreactivity and airway structural changes have been 

commonly observed in individuals with acute irritant-induced asthma (Boulet et al., 1997; 

Takeda et al., 2009).

In summary, we have characterized the acute effects of chlorine on lung injury and have 

examined the initial repair after injury in a novel model of chlorine exposure in rabbits. The 

studies provide a non-rodent model in which the animals can be monitored after exposure to 

examine long-term consequences of acute, high-level chlorine inhalation and to test potential 

therapeutic interventions for chlorine-induced lung disease.
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Highlights

A novel rabbit model of chlorine-induced lung disease was developed.

Acute effects of chlorine were pulmonary edema, hypoxemia and impaired lung function.

Persistent small airway disease developed following recovery from acute injury.

Small airway disease included inflammation and bronchiolitis obliterans lesions.

The model should be useful for studying chlorine lung injury and testing treatments.
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Figure 1. Chlorine exposure and analysis
The diagram shows the overall experimental design, including the two chlorine exposure 

protocols and the types of analyses performed at different times after exposure.
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Figure 2. Arterial blood oxygenation 5.5 h after exposure to 800 ppm chlorine for 4 min
Arterial blood gas analysis was performed in rabbits 5.5 h after exposure to 800 ppm 

chlorine or air for 4 min. A) Ratio of the partial pressure of oxygen (PaO2) to the fraction of 

inspired oxygen (FiO2). B) Alveolar-arterial (A-a) gradient. a, p<0.05 vs. air. n=9–10 

rabbits/group.
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Figure 3. Pulmonary edema 6 h after exposure to 800 ppm chlorine for 4 min
Pulmonary edema was assessed in rabbits 6 h after exposure to 800 ppm chlorine or air for 4 

min by measurement of extravascular lung water (ELW) in the left lung. a, p<0.05 vs. air. 

n=8 rabbits/group.
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Figure 4. Lung histology 6 h after exposure to 800 ppm chlorine for 4 min
All panels show hematoxylin and eosin staining of lung sections collected 6 h after exposure 

to 800 ppm chlorine for 4 min. A) Lobar bronchus from air-exposed rabbit showing normal 

airway structure. B) Lobar bronchus from chlorine-exposed rabbit showing sloughed 

epithelium (arrow) and residual, thinly spread basal cells (arrowheads). C) Section from air-

exposed rabbit showing normal structure of alveoli and terminal bronchiole. D) Section from 

chlorine-exposed rabbit showing injured terminal bronchiole, including damaged epithelium 

and inflammation (arrowheads). Alveolar injury with fibrin deposition is indicated by 

arrows. Scale bar in D represents 50 µm for all panels. Results are representative of 8 

chlorine-exposed and 8 sham-exposed rabbits.
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Figure 5. Arterial blood oxygenation 24 h after exposure to 800 ppm chlorine for 4 min
Arterial blood gas analysis was performed in rabbits 24 h after exposure to 800 ppm chlorine 

or air for 4 min. A) Ratio of the partial pressure of oxygen (PaO2) to the fraction of inspired 

oxygen (FiO2). B) Alveolar-arterial (A-a) gradient. a, p<0.05 vs. air; n=9–10 rabbits/group.
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Figure 6. Baseline lung mechanics 24 h after exposure to 800 ppm chlorine for 4 min
Pulmonary mechanics were assessed in rabbits 24 h after exposure to 800 ppm chlorine or 

air for 4 min by forced oscillation technique using a single frequency perturbation at 0.5 Hz 

(A and B) or a broadband perturbation from 1 to 20.5 Hz (C, D, and E). A) Resistance. B) 

Compliance. C) Newtonian resistance. D) Respiratory system resistance (the real part of 

respiratory system impedance) as a function of frequency. E) Frequency-dependent 

resistance calculated as R1.0-R20.5. a, p<0.05 vs. air; b, p<0.01 vs. air; c, p<0.001 chlorine 

vs. air curves; n=5–6 rabbits/group.
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Figure 7. Airway reactivity 24 h after exposure to 800 ppm chlorine for 4 min
Respiratory system resistance (assessed at 0.5 Hz) following increasing doses of inhaled 

methacholine was measured in rabbits 24 h after exposure to 800 ppm chlorine or air for 4 

min. a, p<0.05 vs. air. n=5–6 rabbits/group.
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Figure 8. Lung histology 24 h after exposure to 800 ppm chlorine for 4 min
A) Lobar bronchus from air-exposed rabbit showing normal airway structure. B) Lobar 

bronchus from chlorine-exposed rabbit showing sloughed epithelium (arrow) and repairing 

epithelium that appears thicker than at 6 h (arrowheads). C) Section from air-exposed rabbit 

showing normal structure of small bronchiole, terminal bronchiole, and alveoli. D) Section 

from chlorine-exposed rabbit showing sloughed epithelium in small bronchiole (arrowhead), 

inflammation (short arrow), and alveolar flooding adjacent to terminal bronchiole (long 

arrows). Scale bar in panel D represents 25 µm for A and B, 100 µm for C and D. Results are 

representative of 10 chlorine-exposed and 5 sham-exposed rabbits.
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Figure 9. Arterial blood oxygenation after exposure to 400 ppm chlorine for 8 min
Arterial blood gas analysis was performed in rabbits 1 (A and B) and 7 days (C and D) after 

exposure to 400 ppm chlorine or air for 8 min. A) and C) Ratio of the partial pressure of 

oxygen (PaO2) to the fraction of inspired oxygen (FiO2). B) and D) Alveolar-arterial (A-a) 

gradient. a, p<0.05 vs. air. n=9–10 rabbits/group.
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Figure 10. Pressure-volume curve area and airway reactivity 7 d after exposure to 400 ppm 
chlorine for 8 min
Rabbits were exposed to 400 ppm chlorine or air for 8 min and subjected to lung function 

measurements 7 days after exposure. A) Area of quasi-static pressure-volume curves. a, 

p<0.05 vs. air; n=5–6 rabbits/group. B) Airway reactivity measured as respiratory system 

resistance in response to increasing doses of inhaled methacholine. a, dose-response curves 

different at p<0.01 vs. air; n=5–6 rabbits/group.
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Figure 11. Lung histology 7 days after exposure
A) Lobar bronchus from air-exposed rabbit showing normal airway structure. B) Lobar 

bronchus from chlorine-exposed rabbit showing repaired pseudostratified epithelium 

containing granulocytes (arrows) and increased goblet cells (arrowheads). C) Section from 

air-exposed rabbit showing normal structure of terminal bronchiole and alveoli. D) 

Hyperplasia and abnormal alveolar structure in chlorine-exposed rabbit. E) Terminal 

bronchiole from chlorine-exposed rabbit containing inflammation and bronchiolitis 

obliterans lesion. Part of the airway contains an identifiable lumen with considerable 

inflammatory cells and cell debris (long arrow). Part of the airway cut in cross-section 

contains concentric layers of abnormal epithelium (bracketed by short arrows), fibrosis 

(bracketed by arrowheads), and inflammatory cells and cell debris filling the lumen. F) 

Adjacent section to panel E stained with Sirius red. Red staining shows normal collagen in 

airway wall and abnormal fibrotic layer (bracketed by arrowheads) inside the epithelium 

(bracketed by short arrows). Long arrow indicates inflammation and cell debris inside 

airway lumen. Scale bar represents 25 µm for panels A and B, 50 µm for panels C–F. Results 

are representative of 9 chlorine-exposed and 7 sham-exposed rabbits.
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Figure 12. Immunohistochemical staining for airway epithelial cell markers
A) Large airway from air-exposed rabbit showing normal distribution of ciliated cells (green 

AcTub staining indicated by arrowhead) and club cells (red CCSP staining indicated by 

arrow). B) Large airway from air-exposed rabbit showing normal distribution of basal cells 

(red NGFR staining indicated by arrows). C) Small airway from air-exposed rabbit showing 

normal distribution of ciliated cells (green AcTub staining indicated by arrowhead) and club 

cells (red CCSP staining indicated by arrow). D) Large airway from rabbit 6 h after exposure 

to 800 ppm chlorine for 4 min. AcTub (green, arrowhead) and CCSP (red, arrow) staining is 
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confined to epithelial cell debris that has sloughed from the airway. E) Large airway from 

rabbit 6 h after exposure to 800 ppm chlorine for 4 min. Surviving basal cells staining for 

NGFR remain attached to the airway wall and adopt a more spread morphology (arrow). F) 

Small airway from rabbit 6 h after exposure to 800 ppm chlorine for 4 min. Most CCSP 

staining is observed in injured epithelium that has sloughed from the airway (arrow). In 

some airways, a few residual club cells remain attached (arrowhead). AcTub staining is 

virtually absent from most small airways. G) Large airway from rabbit 24 h after exposure to 

800 ppm chlorine for 4 min. Similar to what was observed at 6 h, AcTub (arrowhead) and 

CCSP (arrow) staining is confined to sloughed epithelial debris in the airway lumen and is 

not present in the airway proper. H) Large airway from rabbit 24 h after exposure to 800 

ppm chlorine for 4 min. NGFR-stained basal cells with squamous morphology are observed 

in the airway. I) Small airway from rabbit 24 h after exposure to 800 ppm chlorine for 4 min. 

Most CCSP staining is observed in injured epithelium that has sloughed from the airway 

(arrow). Lack of DAPI staining suggests that this cellular debris has continued to break 

down between 6 and 24 h. J) Large airway from rabbit 7 days after exposure to 400 ppm 

chlorine for 8 min. A regenerated airway epithelium containing AcTub-stained ciliated cells 

(arrowhead) and CCSP-stained club cells (arrow) is present, but it appears to have a lower 

density of club cells compared with air-exposed mice. K) Large airway from rabbit 7 days 

after exposure to 400 pm chlorine for 8 min showing normal morphology of NGFR-stained 

basal cells (arrow). L) Small airway with bronchiolitis obliterans lesion from rabbit 7 days 

after exposure to 400 ppm chlorine for 8 min. The epithelial layer lining this airway 

(bracketed by arrows) is devoid of staining for AcTub and CCSP. Scale bar represents 100 

µm for all panels. Results are representative of 7 rabbits/group for A–C, 6 rabbits/group for 

D–F, 9 rabbits/group for G–I, and 9 rabbits/group for J–L.
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